Imaging protocols for suspected scaphoid fractures among investigators and hospitals are markedly inconsistent. We performed a systematic review and metaanalysis to assess and compare the diagnostic performance of bone scintigraphy, MRI, and CT for diagnosing suspected scaphoid fractures. Twenty-six studies were included. Sensitivity, specificity, and diagnostic odds ratio were pooled separately and summary receiver operating characteristic curves were fitted for each modality. Metaregression analyses were performed to compare these modalities. We obtained likelihood ratios derived from the pooled sensitivity and specificity and, using Bayes' theorem, calculated the posttest probability by application of the tests. The pooled sensitivity, specificity, natural logarithm of the diagnostic odds ratio, and the positive and negative likelihood ratios were, respectively, 97%, 89%, 4.78, 8.82, and 0.03 for bone scintigraphy; 96%, 99%, 6.60, 96, and 0.04 for MRI; and 93%, 99%, 6.11, 93, and 0.07 for CT. Bone scintigraphy and MRI have equally high sensitivity and high diagnostic value for excluding scaphoid fracture; however, MRI is more specific and better for confirming scaphoid fracture. We believe additional studies are needed to assess diagnostic performance of CT, especially paired design studies or randomized controlled trials to compare CT with MRI or bone scintigraphy.
Introduction
Scaphoid fractures are the most common type of carpal fractures and occur frequently in young men [40] . Because their potential complications, including nonunion, avascular necrosis, and osteoarthritis, are made more likely by a delay in diagnosis and treatment, early diagnosis and treatment for these fractures are critical to improving outcomes [3] . The diagnosis of a scaphoid fracture usually can be established on the basis of clinical examination and radiographs, which typically include four views: posteroanterior, lateral, semipronated oblique, and posteroanterior with ulnar deviation [3] . However, in the acute phase after injury, some fractures are radiographically occult. To avoid undertreatment of these occult fractures, patients with suspected scaphoid fractures (high clinical probability of a scaphoid fracture but negative or equivocal radiographs) usually are treated with cast immobilization followed by repeat clinical examination and radiographs [46] . As the prevalence of true fractures among patients with suspected scaphoid fractures might be only 5% to 10% [1] , the majority of these patients are overtreated, which results in lost work days and productivity and increased healthcare costs [11] .
To avoid undertreatment and overtreatment, accurate and early diagnosis is required to confirm and exclude scaphoid fracture as the diagnosis. Investigators have recommended various imaging modalities to achieve earlier definitive diagnosis for suspected scaphoid fractures, including bone scintigraphy [13, 49] , MRI [18, 42] , CT [41] , and high-frequency sonography [20] . An international survey of hospital practices revealed marked inconsistency in acute scaphoid fracture imaging protocols, which the authors believed were likely to be multifactorial but also probably reflected a deficiency in scientific evidence regarding the best practice for imaging scaphoid fractures [24] . Clinical decisions regarding the use and interpretation of a diagnostic test require assessment of diagnostic performance. Ideally, the assessment is based on the aggregate of pertinent knowledge available rather than on single studies alone or on personal experience [16] .
The purposes of this meta-analysis were to (1) obtain and compare summary estimates of sensitivity, specificity, and diagnostic odds ratio of bone scintigraphy, MRI, and CT for diagnosing suspected scaphoid fractures; (2) use summary receiver operating characteristic (SROC) curves to estimate and compare the overall diagnostic performance of the three modalities; and (3) obtain the likelihood ratios derived from pooled sensitivity and specificity and, using Bayes' theorem, calculate the posttest probability of scaphoid fractures by application of these imaging modalities.
Materials and Methods
We searched PubMed (January 1966 to October 2008) with the following search strategy: ( ); we searched EMBASE (OVID, January 1980 to October 2008) with the keyword scaphoid fracture; and we hand-searched the references of relevant studies without date limitation. There was no language restriction on the search. To be included, the study had to meet the following criteria. (1) The study was a clinical investigation that assessed the diagnostic performance of bone scintigraphy, MRI, CT, or ultrasound for suspected scaphoid fractures.
(2) The study used followup images (radiographs, CT, MRI, or bone scintigraphy) or clinical followup and/or combined images as the reference test. (3) The study provided sufficient information to reconstruct a 2 9 2 contingency table of the performance of the index test. (4) The study was published as a full report in English. We tried to determine if different studies from the same institution used the same patients because one author published several reports. When data were presented in more than one article, the article with the most details or the most recent article was chosen. Two reviewers (ZGY, JBZ) independently selected the studies, and disagreements were discussed to reach a consensus.
The computer search yielded 2440 citations: 1637 from PubMed and 803 from EMBASE, of which 26 studies ultimately were included in this review [2, 4, 6, 7, 9, 10, 14, 19, 21, 23, 25, 27, 30, 32, 34, 37, 39, 43, 44, 47, 48, 50-52, 54, 55] (Fig. 1 ).
Two reviewers (ZGY, JBZ) independently extracted the following data from each study: year of publication, patient demographics, sample size, imaging technique, reference test, 2 9 2 table of the index test, and prevalence of scaphoid fracture; and used QUADAS criteria, which consisted of 14 questions answered ''yes,'' ''no,'' or ''unclear,'' to assess the methodologic quality of the studies (Table 1 ) [53] . The item ''was the period between reference standard and index test short enough'' was omitted because image and clinical followup were considered the reference standards. Disagreements were resolved by discussion.
Two imaging modalities were reported in seven studies, so 15 studies with 1102 participants reported on the diagnostic accuracy of bone scintigraphy, 10 studies with 513 participants reported on MRI, six studies with 211 participants reported on CT, and two studies with 72 participants reported on ultrasound (Tables 2, 3 ). The results for 60 studies potentially eligible on the basis of titles and abstracts 3 not in English 1 not available in full text 1 case-control study 3 diagnostic accuracy not assessed 13 invalid or no reference standard used 3 2 × 2 tables could not be generated ultrasound were not pooled because too few studies and patients were included (Table 4 ).
Most studies had some methodologic limitations ( Table 5 ). Only two studies satisfied all criteria. Eighteen studies met at least 70% (nine items) of the criteria, and five studies met fewer than 50% (seven items) of the criteria. Greater than 70% of studies met the following items: adequate patient spectrum, avoidance of partial verification, independent reference test, adequate description of index test, blind assessment of index test, clinical data available, reporting of uninterruptible/intermediate test results, and explanation of withdrawals from the study; 54% (14 of 26) of studies met the item for valid reference test; and only 35% (nine of 26) and 27% (seven of 26) of studies met the items for describing details of the reference test and blind assessment of the reference test, respectively.
We calculated pooled estimates of sensitivity, specificity, and the natural logarithm of the diagnostic odds ratio (ln DOR) using the random-effects model. To pool the sensitivity and specificity, the variances of the raw proportions (r/n) were stabilized using a Freeman-Tukey-type arcsine square root transformation [35, 38] . To prevent division by 0 when pooling the ln DOR, conventional correction was applied by adding 0.5 to each cell when the 2 9 2 table for a study contained one or more 0 values. The diagnostic performance of each test also was assessed using SROC curves, which allow for a trend in DOR with threshold [36] . These curves can be defined by a regression model: D = a + bS, where D is ln DOR and S, a measure of the diagnostic threshold, is equivalent to the sum of logits of the true-positive rate and the false-positive rate. A limitation of this method is that it also requires adding 0.5 to each cell in the 2 9 2 table containing one or more 0 values. A b that is not different from 0 indicates the absence of a threshold effect. The SROC curve can be displayed graphically by plotting the predicted sensitivity across a range of values of 1 À specificity. Models were unweighted to provide parameter estimates similar to the random-effects model [28, 36] . We used the area under the curve and the Q* index, the intersection point of the SROC curve with a diagonal line from the left upper corner to the right lower corner of the ROC space, which corresponds to the highest common value of sensitivity and specificity for the test, as the global measures of test efficacy. A perfect test has an area under the curve of 1.0 and a Q* of 1.0, and a test with no diagnostic value has an area under the curve of 0.5 and a Q* of 0.5. A dummy variable indicating the type of imaging modality was included as a covariate in the meta-regression model and the SROC model to compare the sensitivity, specificity, and overall diagnostic accuracy of bone scintigraphy, MRI, and CT with each other. A p value less than 0.05 of the regression coefficient of this variable was considered to indicate a significant difference. In the SROC model, the antilogarithm transformation of the estimated parameter can be interpreted as a relative DOR of the covariate. It indicates the change in diagnostic performance of the test under study per unit increase in the covariate.
We calculated derived likelihood ratios from the pooled sensitivities and specificities [56] and then used Bayes' theorem to calculate the probability of scaphoid fracture, conditioned by the likelihood ratios as a function of the pretest probability [15] .
We assessed heterogeneity separately for sensitivity, specificity, and DOR using Cochran's Q test. Heterogeneity was defined as p \ 0.1. The I 2 statistic was used to measure the percentage of variability among summary indices caused by heterogeneity rather than chance [26] . An I 2 value of 0 indicates no heterogeneity and greater than 50% suggests substantial heterogeneity. To explore sources of heterogeneity, we performed univariable meta-regression analysis if the included studies were no fewer than 10. The following covariates were tested: sample size (B 50 patients versus [ 50 patients), prevalence of scaphoid fracture (B 15% versus[ 15%), period between injury and index tests (B 10 versus[ 10 days), and study quality (high versus low). We considered a study high quality when it scored positive on at least four of the following items: prospective design with consecutive recruitment, appropriate reference standard, avoidance of partial verification, avoidance of differential verification, and interpretation of reference test without knowledge of index test results. Any covariate showing an association with sensitivity, specificity, or DOR (p \ 0.1) was selected, and subgroups of studies identified by such covariates underwent separate meta-analysis. We also performed sensitivity analysis by excluding the outlier studies when there was substantial heterogeneity. Outlier studies were detected by means of Galbraith plots [22] . The analyses were performed using Stata 1 /SE9.0 (StataCorp LP, College Station, TX) and Meta-DiSc, Version 1.4 (Hospital Universitario Ramo 0 n y Cajal, Madrid, Spain).
Results
Bone scintigraphy, MRI, and CT all had high pooled sensitivities, specificities, and ln DORs (Figs. 2, 3, 4 ; Table 6 ). We found no differences in sensitivity among the three tests. The specificity of bone scintigraphy was worse than that of MRI (p \ 0.001) and CT (p = 0.001). No difference (p = 0.94) in specificity was found between MRI and CT. The DOR of MRI was greater (p = 0.009) than that of bone scintigraphy. We found no differences in DOR between MRI and CT (p = 0.63) and between CT and bone scintigraphy (p = 0.12). There was no heterogeneity All criteria were scored yes (+), no (À), or unclear (?). Fig. 2 The pooled sensitivity for bone scintigraphy was 97% (95% CI, 93%-99%) for bone scintigraphy, 96% (95% CI, 91%-99%) for MRI, and 93% (95% CI, 83%-98%) for CT. Fig. 3 The pooled specificity for bone scintigraphy was 89% (95% CI, 83%-94%) for bone scintigraphy, 99% (95% CI, 96%-100%) for MRI, and 99% (95% CI, 96%-100%) for CT.
in sensitivity and DOR for all modalities and in specificity for MRI and CT. Heterogeneity was significant for specificity with bone scintigraphy (Table 7) . Univariate metaregression analysis showed the period between injury and index test was associated (p = 0.08) with variation in specificity of bone scintigraphy. Longer period was associated with higher specificity and lower heterogeneity: 91% (95% confidence interval [CI], 87%-95%; heterogeneity, I 2 = 64%) for more than 10 days and 82% (95% CI, 65%-95%; heterogeneity, I 2 = 92%) for 10 days or less. We found none of the other variables, such as sample size, prevalence, or study quality, were a source of variability. Four outlier studies [2, 10, 39, 47] were identified on the Galbraith plot ( Fig. 5 ). After exclusion of the four studies, the pooled sensitivity, specificity, and ln DOR were, respectively, 96% (95% CI, 91%-99%; heterogeneity, I 2 = 0), 88% (95% CI, 85%-91%; heterogeneity, I 2 = 12%), and 4.58 (95% CI, 3.73-5.44; heterogeneity, I 2 = 0), which were similar to the pooled estimates with inclusion of the outliers. In examining the four outliers, we could not identify the potential reasons for the outlier results.
The SROC model showed all modalities had an area under the curve close to 1, a Q* index close to 1, and the parameter b not different from 0, indicating high diagnostic performance and no evidence of a threshold effect for any modality (Table 8 ). Comparative SROC analysis showed MRI had higher diagnostic performance than bone scintigraphy (relative DOR = 4.85; 95% CI, 1.42-16.52; p = 0.01) and similar diagnostic performance to CT (relative DOR = 1.41; 95% CI, 0.04-4.96; p = 0.56); a difference between CT and bone scintigraphy was not found (relative DOR = 3.61; 95% CI, 0.76-17.07; p = 0.10) (Fig. 6) .
The positive and negative likelihood ratios derived from the pooled sensitivities and specificities were 8.82 and 0.03 for bone scintigraphy, 96 and 0.04 for MRI, and 93 and 0.07 for CT. For each modality, we calculated the posttest probability according to the pretest probability and the derived likelihood ratios (Fig. 7) . With a pretest probability of 18%, which was the mean prevalence of true fracture derived from 1165 patients in 21 included studies in which patients with suspected scaphoid fracture were consecutively and/or prospectively recruited, negative results from bone scintigraphy, MRI, and CT would reduce the posttest probability to 0.7%, 0.9%, and 1.5%, respectively. Positive findings from MRI or CT would increase the posttest probability to 95%; however, positive findings from bone scintigraphy would increase the posttest probability to only 66%. Fig. 4 The pooled ln DOR was 4.78 (95% CI, 4.02-5.54) for bone scintigraphy, 6.60 (95% CI, 5.43-7.76) for MRI, and 6.11 (95% CI, 4.56-7.66) for CT. 
Discussion
Early diagnosis and treatment for scaphoid fractures are critical to improving outcomes [3] ; however, early diagnosis sometimes can be difficult to establish because some fractures are radiographically occult in the acute phase after injury [46] . There is marked inconsistency in imaging protocols for suspected scaphoid fractures among investigators and hospitals [13, 18, 24, 41, 42, 49] . We performed this systematic review and meta-analysis to produce and compare summary estimates of sensitivity, specificity, and DOR of bone scintigraphy, MRI, and CT for diagnosing suspected scaphoid fractures; estimate and compare the overall diagnostic performance of the three modalities using the SROC curve approach; and calculate the probability of scaphoid fractures associated with positive or negative imaging results using Bayes' theorem.
This study has several limitations. First, we included only studies published as a full report in English. We identified three potentially eligible nonEnglish studies [8, 31, 33] , two of which [8, 31] involved potential overlap of patient population with an included study [7] . Second, we did not test for publication bias, which hampers most metaanalyses of diagnostic tests [45] . Routine testing for publication bias may not be an especially useful paradigm in the context of systematic reviews of diagnostic tests [5] . If diagnostic test data are subject to the same sort of bias as clinical trials, then one might expect publication bias would lead to an overestimate of diagnostic performance in Fig. 6 The SROC curve for MRI was closest to the left upper corner, followed by CT and bone scintigraphy, indicating MRI had the highest overall diagnostic performance, then CT and bone scintigraphy.
Volume 468, Number 3, March 2010 Suspected Scaphoid Fractures 731 meta-analysis [17] . Third, most included studies had a variable level of methodologic limitations. One major limitation is the lack of an ideal reference standard for diagnosing a true scaphoid fracture. The most commonly used standard is the absence of radiographic evidence of a scaphoid fracture on scaphoid-specific radiographs obtained a minimum of 6 weeks after injury, but we believe this is somewhat unsatisfying [21] . The other two major limitations were interpreting the reference test with knowledge of the test result and reporting no details of the reference test. However, it is not entirely clear how individual aspects of quality may affect estimates of diagnostic accuracy and to what magnitude [12] . Finally, the comparisons of the three imaging techniques presented here were indirect, which are prone to confounding. Our meta-analysis showed MRI and CT had high sensitivities and specificities; bone scintigraphy was comparable to them in sensitivity but had lower specificity. It has been recognized increased 99m Tc-methylene diphosphonate (MDP) uptake is sensitive to metabolic change; however, it is not specific regarding the underlying causes, such as fracture, bone bruise, soft tissue injury, and inflammation at adjacent joints [23] . Our analysis also showed the heterogeneity in specificity for bone scintigraphy among studies was substantial and the period between injury and the test was associated with the variation: longer period was associated with higher specificity and reduced heterogeneity. The reason for this finding is unclear. It might be, during the delay in testing, some injuries increasing 99m Tc-MDP uptake, except for fracture, might have been alleviated. Although the sensitivity for CT has been questioned [3] , our analysis did not show a difference in sensitivity between CT and MRI or bone scintigraphy. However, there was imprecision around the estimate of sensitivity for CT (wide CI), indicating the need for more data. Two short-cut systematic reviews in this area have been published [18, 42] . One reported the average sensitivity and specificity were, respectively, 96% and 89% for bone scintigraphy; 98% and 99% for MRI; and 94% and 96% for CT, which were similar to our results [42] . The review included more studies than for the same modality in our review; however, it did not report the search strategy and inclusion criteria or list the publications. The other review was restricted to comparison between MRI and bone scintigraphy and only included four comparative diagnostic cohort studies [18] , of which one was not included in our review because of invalid reference test. Both reviews preferred MRI; however, neither performed statistical pooling, comparison, and assessment of heterogeneity.
The SROC analysis showed the three modalities all have high overall diagnostic performance. MRI is superior to bone scintigraphy, but CT is not superior to MRI or bone scintigraphy. The major advantage of SROC analysis is that it can assess the threshold effect and compare the performance of tests at different tradeoff points [36] . However, the following issues should be considered when interpreting our findings. The continuity correction with adding 0.5 to each cell in the 2 9 2 table containing one or more 0 values was performed in 13 of 15 data sets on bone scintigraphy and all data sets on MRI and CT, so downward bias would be introduced to the estimated SROC curves. These results were derived from small samples, especially results for CT, which were derived from 211 patients in six studies. It has been recognized in the diagnostic study literature that small studies tend to overestimate the effect size [45] . Small samples also mean low power in detecting the threshold effect and the difference between imaging modalities. Although we found no threshold effect for each modality, we still included the variable S in the model when the modalities were compared with each other, which yielded conservative results. The positive likelihood ratios of MRI and CT are greater than 90, but that of bone scintigraphy was less than 10. All three modalities have negative likelihood ratios less than 0.1. The likelihood ratios indicate the extent of change in the odds of disease after a test result. As a general rule, positive likelihood ratios greater than 10 and negative likelihood ratios less than 0.1 are considered to provide strong evidence to rule in or rule out diagnoses, respectively, in most circumstances [15] . Our findings allow for calculation of the posttest probability of scaphoid fracture, provided the pretest probability has been estimated before the test. With a pretest probability of 18%, negative results from bone scintigraphy, MRI, and CT are enough to exclude a scaphoid fracture. Positive findings from MRI or CT provide strong evidence for the presence of a scaphoid fracture; however, positive findings from bone scintigraphy are insufficient to confirm fracture. The prevalence of true scaphoid fracture we presented was greater than that used by some investigators to calculate the posttest probability [1, 42] , but similar to the result of a recent epidemiologic study [29] , in which the prevalence of true scaphoid fracture in patients with suspected scaphoid fracture was 16%. The prevalence of abnormality in a study sample rarely can be generalized beyond the study except when the study is based on a suitable random sample [15] . Although our data were derived from 1165 patients in 21 studies in which patients with suspected scaphoid fractures were recruited consecutively and/or prospectively, it should be cautiously generalized.
Based on the current evidence, MRI is highly accurate for confirming and excluding the diagnosis of scaphoid fractures and might be used as the first choice in a patient with suspected scaphoid fracture. Bone scintigraphy is inappropriate for confirming scaphoid fractures. More studies are needed to assess the diagnostic performance of CT, especially paired design studies or randomized controlled trials to compare CT with MRI or bone scintigraphy.
